A cDNA clone for phenylalanine ammonia-lyase (PAL) induced in wounded sweet potato (Ipomoea batatas Lam.) root was obtained by immunoscreening a cDNA library. The protein produced in Escherichia coi cells containing the plasmid pPAL02 was indistinguishable from sweet potato PAL as judged by Ouchterlony double diffusion assays. The Mr of its subunit was 77,000.
Phenylalanine ammonia-lyase (EC 4.3.1.5, PAL) catalyzes the first specialized reaction in the biosynthesis of the polyphenol compounds, i.e. flavonoids, phenylpropanoids, lignin, in plants. The activity is induced dramatically in response to various stimuli, such as injury, light, and hormones (2, 5, 23) .
In sweet potato roots, phenylpropanoids, mainly composed of chlorogenic and isochlorogenic acids, are produced by wounding (16) , fungal infection (1), or incubation with plant growth regulators (9, 19, 21) . These treatments cause the development of PAL2 activity prior to the production of the phenylpropanoids. The activity reaches a maximum after about 12 h, then declines. Immunochemical studies have shown that the increase in the activity of PAL is due to the synthesis of the enzyme de novo, and the decline is due to the development of an inactivation system (17) . However, the 'Supported in part by a grant from the Ministry of Agriculture, Forestry and Fisheries of Japan.
2Abbreviations: PAL, phenylalanine ammonia-lyase; bp, base pair; kb, kilobase pair. regulatory mechanism is not clearly understood. We have cloned the cDNA for sweet potato PAL, induced by wounding, and determined its sequence in order to study this regulatory mechanism.
MATERIALS AND METHODS

Plant Material
Roots of sweet potato (Ipomoea batatas Lam. cv Beniazuma) were washed thoroughly and cut perpendicularly into slices of 2-mm thickness. Discs (2.4 cm in diameter) were prepared from the slices with a cork borer and incubated at 30°C for 10 h.
Construction and Screening of cDNA
Poly(A+) RNA was prepared from the discs by the method of Watanabe and Price (22) . The poly(A+) RNA was fractionated by centrifugation on 5 to 20% sucrose density gradients. PAL mRNA in the fractions was detected by in vitro translation using a rabbit reticulocyte lysate system (Amersham, England). The fraction containing PAL mRNA was used for the construction of a cDNA library. The double-stranded cDNAs were synthesized by the method of Gubler and Hoffman (4) with oligo dT as a primer, and were fractionated on a column of Asahipack GS620 (Asahi Chemical Industry Co. Ltd., Tokyo; 2.5x50 cm) with a high performance liquid chromatograph (Tosoh, Tokyo, model CCPM). cDNAs greater than 2 kb were cloned into the Pst I site of pUC8 by the [dG:dC] homopolymer tailing methods. Immunoscreening was performed by the method of Helfman et al. (8) using antibody raised against sweet potato PAL, except that 1251I protein A (Amersham, 1.1 GBq/mg) was used instead of the '25I-labeled second antibody. Hybrid select translation was performed by the method of Maniatis et al. (14) .
Conversion of [14C]-L-Phenylalanine into [14C]-t-Cinnamic
Acid in Bacterial Cells
The bacterial cells were grown at 37°C in Luria-Bertani medium (14) , containing 1 
Preparation of Immunoprecipitates
One mL of the homogenate was mixed with 10 uL of antiserum raised against sweet potato PAL and incubated at 30°C for 30 min. The mixture was centrifuged at 2000g for 15 min and the immunoprecipitate was washed three times with the sodium phosphate buffer.
Enzyme Assay PAL activity in the bacterial homogenate was assayed spectrophotometrically by the method described previously (18) .
Sequencing
Restriction fragments of the cDNA insert were cloned into the appropriate sites of M1 3 mpl 8 or mpl9. Single-stranded DNAs were sequenced by the dideoxynucleotide chain termination method (16) using the universal primer purchased from Takara Shuzo, Co., Kyoto. Sequence data were analyzed using computer programs from the Software Development Co., Japan.
RESULTS
Cloning of cDNA for PAL
Examination of in vitro translation products showed that levels of PAL mRNA were increased by cutting and reached at maximum levels after 6 h of incubation and maintained the levels until 24 h. Therefore, RNA was extracted from discs that had been incubated for 10 h. As the size of PAL mRNA was expected to be greater than 2 kb and larger than that of the major species of poly(A+) RNA in wounded sweet potato roots, poly(A+) RNA was fractionated by sucrose density gradient centrifugation. The fractions containing PAL mRNA were determined by analysis of in vitro translation products and PAL mRNA was separated from about 75% of the poly(A+) RNA. A cDNA library was constructed using the fraction, as described in "Materials and Methods." We selected a colony among about 3500 colonies that strongly reacted with antibody raised against sweet potato PAL. The plasmid DNA(pPAL02) in this cell line had a 2.4-kb insert; the restriction map is shown in Figure 1 . We analyzed protein produced in Escherichia coli cells containing pUC8 or pPAL02. In the Ouchterlony double diffusion test, the homogenate of the cells containing pPAL02 formed a precipitin line that completely fused with sweet potato PAL, without a spur (Fig. 2) . In contrast, the homogenate ofthe cells containing pUC8 did not form any precipitin line. The immunoprecipitate was prepared from the homogenates and subjected to SDS-PAGE by the method of Laemmli (13) . A band was detected at the position that corresponded to the subunit of sweet potato PAL only in the case of the cells containing pPAL02 (Fig. 3) . Furthermore, the product of hybrid select translation was analyzed by SDS-PAGE, and a band was detected at the position that corresponded to the subunit (data not shown). In both cases, an Mr of the polypeptide was 77,000.
Conversion of [14C]-L-Phenylalanine into [14C]-t-Cinnamic Acid in Bacterial Cells
The density of cells in the overnight culture was clearly lower in the cells transformed with pPAL02 than in the cells transformed with pUC8. The result suggested that PAL activity was expressed in the cells and that levels of phenylalanine were reduced in the culture medium. Thus, we examined whether [14C]-L-phenylalanine added to the culture was converted into ['4C]-t-cinnamic acid. The conversion hardly occurred in the cells transformed with pUC8 (Fig. 4) . In contrast,
[14C]-t-cinnamic acid was detected in the cells of the pPAL02 clone, as shown in Figure 4 , and was also detected in the The plates were incubated at 300C for 12 h.
of the cells transformed with pUC8 (4.8x Bq/h/cell), as was expected.
Detection of PAL Activity in the Bacterial Homogenate
We could not detect any PAL activity in the homogenate of the cells transformed with pUC8. In contrast, t-cinnamic acid was produced at a rate of 3.9x l0-' mol/h/cell in the homogenate ofthe cells transformed with pPALO2. The activity was dependent on the presence of the pPALO2 plasmid in the cells.
Structure of PAL cDNA
The entire nucleotide sequence of the cDNA insert of pPALO2 is shown in Figure 5 . [14C]Phenylalanine (37 kBq) was added to 1 mL of culture (1 x1 o8 cells) of cells transformed with pUC8 or pPAL02 and the culture was incubated at 37°C for 1 h. The cells and culture medium were separated by centrifugation and radioactive materials in the cells were extracted with ethyl acetate and analyzed by silica gel TLC, using n-butanol:ethanol (4:1) saturated with 2 M NH4CI. Radioactivity on the plate was detected with a TLC scanner (Berthold LB284). Solid curve, the cells containing pPAL02; dashed curve, the cells containing pUC8.
5'-end of the open reading frame. The primary structure around it is 5'-AGAATAATGGCC-3' and this sequence shares common sequence with the consensus context found in plant genes, 5 '-TAAACAATGGCT-3' (10) . 
DISCUSSION
In sweet potato roots, PAL activity is induced in response to wounding (15, 19) . In vitro translation of RNA isolated from the wounded tissue showed that levels of PAL mRNA increased and reached a maximum after 6 h of incubation, then maintained the level until 24 h. The results support the results ofa previous study ofthe change in the rate ofsynthesis of the enzyme, as determined immunochemically (20) . We prepared poly(A+) RNA from discs of sweet potato incubated for 10 h and constructed a cDNA library. A (TAAACAATGGCT, ref. 10) . The results suggest that the first ATG triplet is the site of initiation of translation and that the insert DNA fully encodes the amino acid sequence for sweet potato PAL induced by wounding.
The nucleotide sequence ofpPAL02 insert DNA had 75.9% homology with the coding region of the partial sequence of PAL cDNA from P. vulgaris. A similar value was obtained in comparisons with this region of two different PAL cDNAs from cultured carrot cells (our unpublished data); a slightly lower value was obtained in the case of rice PAL (E Minami, Y Ozeki, M Matsuoka, N Koizuka, Y Tanaka, unpublished data). Comparison of the deduced amino acid sequence for PAL cDNA from P. vulgaris with that of pPAL02 showed 78.9% homology. The value was slightly higher than that obtained from the nucleotide sequences. The difference resulted from the changes in nucleotides located in the third position of the codons. The sequence from amino acid residues 258 to 494 was more highly conserved (90.7% homology) than that in other regions. Conservation of sequence in this region was also observed in cDNA for rice PAL (E Minami, Y Ozeki, M Matsuoka, N Koizuka, Y Tanaka, unpublished data). PAL from Gramineae is able to use both L-phenylalanine and L-tyrosine as substrates (2, 7, 11) , in contrast to dicotyledonous PAL, which uses only L-phenylalanine (2, 6, 18) . Since the higher degree of homology in the cited region was observed for both type of PAL in spite of the major difference in enzymological characteristics, an important part of the enzyme, such as a catalytic site, may be included in this region.
